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 Mosquitoes (Diptera: Culicidae) transmit many pathogens that affect human and wildlife 
health, including West Nile, Zika, dengue, and chikungunya viruses. Since vaccines are not 
currently available for many of these pathogens, control of the vectors is the most effective 
method to reduce disease risk. In the United States, the mosquitoes of greatest disease concern 
are container-breeding mosquito species. Females of these species oviposit in natural and man-
made container habitats, where the resulting larvae develop and compete for nutritional 
resources. In human-dominated landscapes, mosquito abundance and species composition are 
determined by the interaction of ecological and social factors. This dissertation examines both 
ecological and social factors that affect mosquito populations to elucidate which factors drive 
mosquito production in residential neighborhoods in the midwestern United States. In Chapter 1, 
I provide background information about social and ecological factors that may affect container-
breeding mosquitoes in residential neighborhoods. In Chapter 2, I examined the distribution and 
abundance of various container types and their productivity for mosquito juveniles at 83 
residential properties in nine neighborhoods. The nine neighborhoods were stratified across three 
levels of socioeconomic status (SES) and three levels of canopy cover. Large container types 
harbored the greatest number of mosquito juveniles. While low SES neighborhoods had the 
lowest frequency of containers, the containers in low SES neighborhoods were most likely to be 
positive for mosquito juveniles. Additionally, I conducted a knowledge, attitudes, and practices 
(KAP) questionnaire in the same neighborhoods to determine residents’ knowledge about 
mosquito ecology, attitudes towards mosquitoes, and self-reported mosquito control practices. 
Results from the KAP show that residents in low SES neighborhoods and younger residents are 
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the least knowledgeable about mosquito ecology, while residents in high SES neighborhoods and 
older residents were the most likely to report control practices. In Chapter 3, I conducted an 
oviposition choice assay to determine if females of different mosquito species exhibit preference 
for certain commonly-found man-made containers. A garbage can, flower pot, and flower pot 
saucer were placed together at 8 residential field sites for 40 days. The garbage can was removed 
at half the field sites at day 20 to examine how removal of the largest, most productive habitat 
affected oviposition choice. Culex spp. preferentially oviposited in the garbage can, and when 
removed, the total number of egg rafts laid decreased. Aedes spp. preferentially oviposited in 
garbage can and flower pots, but there was no significant difference between the total numbers of 
eggs laid when the garbage can was removed compared to when the garbage can was present. In 
Chapter 4, I explored a potential mosquito control strategy for clogged rain gutters, an often 
overlooked but productive container habitat, by using experimental rain gutters to compare two 
gutter guard treatments to an unmodified control. Results showed that the presence of gutter 
guards increases mosquito production in clogged gutters, so gutter guards are not an effective 
control strategy. Collectively, these studies provide insight into ecological and social factors 
contributing to mosquito production in residential neighborhoods, and can be used to develop 
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CHAPTER 1: INTRODUCTION 
 
Mosquito-borne viral diseases pose a major burden on human health worldwide. Dengue 
virus currently is considered one of the most significant re-emerging vector-borne diseases with 
more than 2.5 billion people at risk annually (Bhatt et al., 2013; Gubler, 2008). Zika virus, one of 
the most rapidly emerging diseases worldwide, has caused an epidemic of infant microcephaly 
(Chuin-Carneiro et al., 2016; Mlakar et al., 2016). In the United States, West Nile virus, which 
was first detected in 1999, now is the most commonly transmitted mosquito-borne disease 
(Petersen et al., 2013). With increasing globalization, invasive mosquito species and the diseases 
they vector, are becoming of greater concern in developing and developed nations alike (Moise 
et al., 2018). Due to the lack of vaccines for many of these diseases, mosquito control is the most 
effective way to reduce disease transmission. 
In the United States, the mosquito species of greatest vector concern are container-
breeding species. Females of these container-breeding species oviposit in a variety of natural and 
artificial habitats that span a range of sizes and nutrient availability (Morrison et al., 2004; 
Schneider et al., 2004; Maciel-de-Frietas et al., 2007). Artificial containers can range in size 
from flower pots and discarded bottle caps to boat hulls and garbage cans (Arredondo-Jimenz & 
Valdez-Delgado, 2006; Bartlett-Healy et al., 2012; Maciel-de-Freitas & Lourenço de Oliveira, 
2011; Leisham et al., 2014; Barrera & Clark, 2006; Unlu et al., 2014), with multiple biotic and 
abiotic parameters affecting oviposition site selection by females (Harrington et al. 2008; 
Carrieri et al., 2011; Reiskind & Wilson, 2004).  For example, Culex pipiens and Cx. restuans, 
the main vectors of West Nile virus in the Midwest (Hayes et al., 2005), prefer to oviposit in 
larger container habitats such as roadside catch basins (Deichmeister & Telang, 2011; Arana-
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Guardia et al., 2014). However, most aquatic habitats within residential neighborhoods are not as 
large as roadside catch basins but still contribute to the production of several mosquito species 
(Montgomery & Ritchie, 2002; Gustave et al., 2012). For example, Aedes albopictus, an invasive 
mosquito species capable of transmitting over 25 pathogens including dengue, chikungunya and 
Zika viruses (Moore & Mitchell, 1997; Gratz 2004; Grard et al., 2014), is the predominate 
species found in corrugated downspout extensions, a very shallow, cryptic habitat (Unlu et al., 
2014). The relative role of these water-holding structures to mosquito production within 
residential neighborhoods requires further investigation still within the Midwest, especially 
because of the ongoing invasion of novel mosquito species.  
Mosquito larvae developing within container habitats compete for space and nutritional 
resources. The density of larvae and intensity of competition within the container can affect adult 
life history traits, with negative density-dependent effects on survival to adulthood, development 
time, adult body size, and longevity (Bevins, 2008; Juliano et al., 2004; Braks et al., 2004; 
Reiskind & Lounibos, 2009). Not only do these effects of larval competition carry over to adult 
life history traits, but they also influence adult mosquito susceptibility to and competence for the 
transmission of viruses (Alto et al., 2008; Bara et al., 2015). Interspecific competition in the 
larval environment often is asymmetrical, resulting in exclusion of the inferior competitor within 
the container habitat (Lawton & Hassell, 1981; Chesson, 2000; Costanzo et al., 2005a). 
However, biotic and abiotic factors in the container habitat may alter the intensity of interspecific 
competition, which may reduce asymmetry, allow for coexistence, or reverse the competitive 
advantage (Chesson, 2000; Constanzo et al., 2005b; Murrell & Juliano, 2008; Juliano, 2010). 
This condition-specific competition can affect species distributions and adult life history traits, 
creating competitive exclusion in some instances and coexistence via niche-partitioning into 
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different container habitats in others (Leisnham & Juliano, 2009; Costanzo et al., 2005a; Johnson 
& Sukhdeo, 2012), all of which can impact the abundance and species distribution of mosquito 
vectors within residential neighborhoods. 
Aedes albopictus was first introduced into Texas from Asia in the 1980s (Moore & 
Mitchell, 1997), and since its introduction, it has expanded its range across the Southeast and has 
started to spread into the Midwest (Kraemer et al., 2015), resulting in interspecific competition 
with other native and invasive mosquito species. Larval Ae. albopictus typically outcompete 
other mosquito species, leading to competitive exclusion (Costanzo et al., 2005b; Allgood & 
Yee, 2014; Carrieri at al., 2003; Marini et al., 2017; Armistead et al., 2008), but in some cases 
spatial or temporal niche partitioning occurs across container habitats, leading to coexistence 
(Johnson & Sukhdeo, 2013; Leisnham et al., 2014). For example, under most conditions, Ae. 
albopictus larvae outcompete those of  another invasive mosquito species, Ae. aegypti (O’Meara 
et al., 1995; Juliano, 2010). Yet field surveys indicate Ae. aegypti is able to coexist with Ae. 
albopictus in certain areas of their over-lapping ranges within the U.S. (Juliano et al., 2004), 
suggesting environmental variables may mediate the outcome of competition. Manipulations of 
parameters such as detritus type within container habitats can reduce or negate competitive 
exclusion, leading to the observed niche partitioning and coexistence at some locations (Murrell 
& Juliano, 2008; Braks et al., 2004; Farjana et al., 2012). While the relationship between Ae. 
albopictus and Ae. aegypti has received much attention, fewer studies have examined 
competition between Ae. albopictus and mosquito species that are common within residential 
neighborhoods in the Midwest, such as Cx. pipiens and Cx. restuans. 
Managing mosquito populations and the diseases they vector is a complex public health 
challenge that requires a better understanding of how both social and ecological factors intersect 
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to determine mosquito population growth. In residential neighborhoods, how residents perceive 
mosquito ecology, disease risk and control are important factors to consider when determining 
how to best guide resident-based mosquito control measures. For example, in the northeastern 
United States, low socioeconomic-status (SES) neighborhoods have higher densities of mosquito 
vectors due to a greater number of unmanaged, water-holding containers. Residents of low SES 
neighborhoods also tend to have a lower level of knowledge of mosquito ecology and control 
measures along with lower motivation levels to control larval habitats (Dowling et al., 2013a; 
Dowling et al., 2013b; LaDeau et al., 2013). Among important ecological factors, neighborhoods 
with high tree canopy cover are more at risk for greater mosquito populations by allowing for 
more nutrient-rich container habitats, which increases productivity within these habitats 
(Vanwambeke et al., 2007; Li et al., 2014; Bartlett-Healy et al., 2012). Assessing the influence of 
SES and canopy cover on the relative type, quality, and abundance of container habitats, the 
subsequent production of various mosquito species, and potential disease transmission, is 
necessary if strategic control of mosquito populations is to be implemented in residential 
neighborhoods. 
This dissertation examines ecological and social factors that affect mosquito species 
distribution and abundance in residential neighborhoods in Illinois. First, I examined the 
distribution and abundance of container types and mosquito species composition in these 
containers in nine residential neighborhoods. These neighborhoods were stratified across three 
levels of SES and three levels of canopy cover with all combinations of SES and canopy cover 
represented. I then conducted knowledge, attitudes, and practices questionnaires in the same 
neighborhoods to determine residents’ knowledge of mosquito ecology, attitudes towards 
mosquitoes and mosquito-borne diseases, and self-reported control mosquito control practices. 
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Using three of the most commonly colonized containers found in neighborhoods, I conducted an 
oviposition choice bioassay to determine if females of different mosquito species display 
preferences for different sized containers. Finally, I conducted a control experiment to determine 
if gutter guards attached to rain gutters can be used to control mosquitoes in clogged rain gutters, 
an often overlooked but productive mosquito habitat. Collectively, these studies reveal that both 
ecological and social factors impact mosquito species distribution and abundance in residential 
neighborhoods. These results can contribute to the development of more effective control 
strategies in residential neighborhoods. 
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CHAPTER 2: SOCIO-ECONOMIC FACTORS AFFECTING MOSQUITO 
PREVALENCE IN RESIDENTIAL NEIGHBORHOODS 
 
ABSTRACT  
In human-dominated ecosystems, mosquito-borne disease risk can be driven by both social and 
ecological factors. In residential neighborhoods, natural and artificial water-holding containers in 
which adult female mosquitoes lay eggs are critical habitats for the development of mosquito 
juveniles. In this study, we examined how social (i.e. socioeconomic status, SES) and biological 
(i.e. tree canopy cover) factors affect mosquito production in container habitats in residential 
neighborhoods. Neighborhood surveys of container habitats were conducted in nine 
neighborhoods stratified across three levels of SES and 3 levels of canopy cover. We then 
conducted a knowledge, attitudes, and practices (KAP) questionnaire to determine which social 
factors correlate with mosquito production. Overall mosquito abundance was affected by both 
SES and canopy cover; low SES neighborhoods and high canopy cover neighborhoods having 
the greatest abundance of juvenile mosquitoes. Aedes albopictus, the most common species 
collected, did not have significant differences in abundance across neighborhoods of different 
SES levels, while Culex restuans, the second most abundant species, was the least abundant in 
medium SES neighborhoods. Residents living in high SES neighborhoods were both more 
knowledgeable about mosquito ecology and more likely to self-report controlling for larval 
mosquitoes. Older residents (50 years of age and older) were less likely to report being bitten by 
mosquitoes, and were more knowledgeable about mosquito ecology. Understanding how social 
and ecological factors combine to determine mosquito production, and subsequent disease risk, is 
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needed in order to implement effective mosquito control campaigns targeted at reducing the 
number of water-holding containers in residential neighborhoods. 
 
INTRODUCTION 
Environmental disease risk can be influenced strongly by both biological and social 
factors, yet rarely are these two fields integrated to understand the consequences of 
anthropogenic environmental change for disease risk and human health. While studies combining 
ecological and social factors associated with vector-borne disease risk are more common in 
developing regions where vector-borne diseases can be a major medical health problem (e.g. 
Whiteman et al., 2018.; van Benthem et al., 2002; Sharma et. 2007; Koenraadt et al., 2006), few 
studies have examined this relationship in North America (Tuiten et al., 2009; Dowling et al., 
2013a). With the ongoing introductions of invasive arthropod vectors and associated pathogens 
into North America ((Musso & Gubler, 2015; Rochlin et al., 2013; Sonenshine, 2018), 
understanding how ecological and social factors interact to affect vector populations in human-
dominated landscapes is increasingly important. 
Container-breeding mosquitoes offer a model system to examine complex ecological and 
anthropogenic relationships that drive mosquito populations and species distributions in 
residential neighborhoods. In North America, two of the predominant mosquito vectors, Aedes 
albopictus, the Asian tiger mosquito, and Culex pipiens, the northern house mosquito, are highly 
adapted to human-dominated landscapes (Bartlett-Healy et al., 2012; Deichmeister & Telang, 
2011). Aedes albopictus, an invasive mosquito species capable of transmitting over 25 pathogens 
including dengue, chikungunya and Zika viruses (Moore & Mitchell, 1997; Gratz, 2004; Grard et 
al., 2014), was first introduced to Texas from Asia in the 1980s (Moore & Mitchell, 1997). Since 
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its introduction, it has expanded its range across the Southeast and has started to spread into the 
midwestern and northeastern United States (Kraemer et al., 2015; Rochlin et al., 2013). Culex 
pipiens, introduced to the Americas over 200 years ago, is considered a vector of West Nile virus 
between birds and humans in the northern Untied States (Hamer et al., 2009; Hayes et al., 2005). 
The larvae of both species develop within water-filled containers. In residential neighborhoods, 
these containers are typically man-made, artificial habitats. The availability of container habitats 
and their suitability for larval development are dependent not only upon environmental factors, 
such as tree canopy cover (Bartlett-Healy et al., 2012), but upon residents’ ability to manage 
these containers (LaDeau et al., 2013).  
Larvae of container-breeding mosquitoes develop in a wide range of artificial containers 
holding standing water. These containers can range in size from flower pots and discarded 
bottles to subterranean stormwater catch basins (Bartlett-Healy et al., 2012; Leisham et al., 2014; 
Unlu et al., 2014). For example, Cx. pipiens and Cx. restuans both prefer to oviposit in larger 
container habitats such as roadside catch basins (Deichmeister & Telang, 2011). However, 
smaller container habitats within residential neighborhoods can play an important role in the 
production of certain mosquito species (Montgomery & Ritchie, 2002; Parker et al., 2018). For 
example, Ae. albopictus is the predominate species found in corrugated downspout extensions 
(Unlu et al., 2014). The relative contributions of different container types to the production of 
different mosquito species over time still requires further investigation, particularly in light of 
ongoing invasions altering mosquito species composition and interspecific interactions within 
container habitats.  
Due to the close association between mosquito vectors and their human hosts, mosquito 
populations and disease risk are affected by human knowledge of mosquito ecology and 
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management practices. For example, residents of low socioeconomic-status (SES) 
neighborhoods in the northeastern United States tend to have a lower level of knowledge of 
mosquito ecology and appropriate control measures along with lower motivation levels to control 
larval habitats, which creates higher densities of mosquito vectors due to a greater number of 
unmanaged, water-holding containers (Dowling et al., 2013a, b; LaDeau et al., 2013). 
Unmanaged containers holding detritus and standing water create productive habitats for 
mosquito larvae and left unmanaged may produce high densities of adults, especially in areas 
with high tree canopy cover. High canopy cover allows for larger quantities of leaf detritus to 
enter aquatic habitats, creating more nutrient-rich environments, which increases productivity 
within these habitats (Vanwambeke et al., 2007; Li et al., 2014; Bartlett-Healy et al., 2012). 
Thus, it is necessary to understand both the biological and social drivers of mosquito-borne 
disease risk in order to better implement strategic control of mosquito populations in residential 
neighborhoods.  
In this study, we conducted two complementary surveys. First, ecological surveys were 
conducted in residential neighborhoods to identify the abundance and productivity of different 
types of container habitats and to measure the associated diversity and abundance of container-
breeding mosquito species. Second, a knowledge, attitudes, and practices (KAP) questionnaire 
was conducted with neighborhood residents to determine residents’ knowledge of mosquito 
ecology and locally transmitted mosquito-borne diseases, attitudes towards mosquito-borne 
diseases and mosquito control, and self-reported behaviors to avoid and control mosquitoes. 
Neighborhoods were selected to span orthogonally a biological (i.e., tree canopy cover) and a 
social (i.e., socioeconomic-status, SES) gradient in suburban neighborhoods in central Illinois. 
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Together, these studies allow for a determination of important ecological and social factors that 
may contribute to mosquito production within the residential environment.  
 
MATERIALS & METHODS 
Study Area  
Nine neighborhoods were selected for this study located in suburban, residential areas in 
the adjoining cities of Champaign and Urbana, Champaign County, IL (centered at 
40°06'44.7"N, 88°14'36.0"W). The nine neighborhoods were stratified across three levels of 
canopy cover (high, medium, low) and three levels of SES (high, medium, low), resulting in an 
orthogonal combination of each level of canopy cover and SES represented in the study. Three 
levels of canopy cover (low: 33% canopy cover or less, medium: 34% to 66% canopy cover, 
high: 67% and greater canopy cover) were determined using data acquired from Landsat and 
analyzed in ArcGIS v. 10.4.1; three levels of SES were determined using median household 
income according to census block (low: $30,000 or less per year, medium: between $30,000 and 
$75,000 per year, high: $75,000 and greater per year; US Census Bureau 2010, 
https://www.census.gov/) also using ArcGIS. Neighborhoods were selected as close to the center 
of each census block as possible. 
 
Neighborhood Container Survey 
Neighborhood container surveys were conducted from June 20 through September 2, 
2016, in order to assess the abundance, diversity and productivity of container habitats and 
container-breeding mosquito species on residential properties. Seven to ten properties per 
neighborhood were selected to participate in the study for a total of 83 properties. For a property 
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to be included in the study, we required the home on the property to be a single-story with rain 
gutters attached to the roof that were not covered by a gutter guard and consent of the 
homeowner. Each participating property was surveyed once weekly for ten weeks. During each 
sampling event, the type, number, water depth and juvenile mosquito abundance of each 
container was recorded. Six artificial and one natural container classifications were identified: 
containers (typically holding 5 to 45 L of water; e.g. flower pots, bowls, buckets, watering cans), 
large containers (typically holding approximately 100 L of water; e.g. garbage cans and rain 
barrels), shallow containers (typically holding 1 L or less of water with a large surface area to 
volume ratio; e.g. flower pot saucers, tarpaulins, discarded bags, container lids), rain gutters, 
corrugated downspout extensions, tires, and treeholes. 
Presence of standing water was recorded categorically (no water present, one quarter full, 
half-way full, three-quarters full, completely full). If a container was positive for mosquito 
juveniles, sampling was conducted by either dipping or pipetting depending on the size and type 
of the container (Tun-Lin et al., 1994; Knox et al., 2007). Containers were sampled until all 
mosquito juveniles were removed or for a maximum of 20 minutes. Larvae were held in a Whirl-
Pak (NASCO, Fort Atkinson, WI) containing undiluted ethanol for later identification in the 
laboratory. Pupae were held in a Whirl-Pak containing water, and, once in the laboratory, were 
placed in individual plastic vials until eclosion. Preserved larvae and emerged adults were then 
identified to species using appropriate taxonomic keys (Ross & Horsfall, 1965; Andreadis et al., 







Several indices of mosquito prevalence commonly used in household surveys were 
calculated, including the House index (HI; i.e., the number of houses positive for mosquito 
larvae divided by the number of houses inspected) and the Breteau Index (BI; i.e., the number of 
positive containers divided by the number of houses inspected; Sanchez, et al., 2010; Focks, 
2003).  
To determine overall “colonization” (i.e. presence/absence of mosquitoes in a container) 
and “abundance” (i.e. number of mosquitoes in a container) of mosquito species across levels of 
SES and canopy cover, hurdle models were constructed due to a large number of zeros in the 
data set causing overdispersion. Hurdle models were used instead of zero-inflated Poisson 
models because the zeros in the data set were true zeros, not missing data (Zuur et al., 2009). The 
hurdle model is a two-part model that first models presence/absence data for mosquitoes using a 
geometric distribution with a logit link function. Next, the hurdle model examines count data 
when mosquitoes were present using a negative binomial distribution with a logit link function. 
Hurdle models were conducted for colonization and abundance for all mosquito species 
combined and individually for the two most abundant species, Ae. albopictus and Cx. restuans, 
to test whether SES, canopy cover, the property being sampled, the sampling event, or the 
interaction of property and sampling event were significant predictors (α = 0.05). The interaction 
between SES and canopy cover could not be assessed because three neighborhoods were never 
positive for mosquito juveniles. Hurdle models were conducted using the “pscl” package in 
RStudio (RStudio, Inc. Boston, MA 2016; Jackman et al., 2017). 
Generalized linear models using a Poisson regression with a log-link function were 
conducted to determine the effect of SES, canopy cover, and their interaction on the total number 
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of containers detected. Poisson regression models were also used to examine the number of 
sampling events that were positive for mosquito juveniles, and to examine the effect of SES, 
canopy cover, container type and sampling date on the number of times a container was positive 
for mosquito juveniles. Due to the low number of tires (n=4) and treeholes (n=1) detected, these 
container types were excluded from these analyses. Contrasts were conducted to determine 
differences between container types using the package “emmeans” in RStudio (Lenth & Lenth, 
2018) 
 
Knowledge, Attitudes, and Practices Questionnaire 
Questionnaires were conducted from August 2 to October 24, 2017, at the end of peak 
period of mosquito activity in the area (Figure 2.1), and households were visited during evening 
hours (4:00 to 8:00 PM) until 10 questionnaires were completed per neighborhood for a total of 
90 questionnaires. Apartment complexes, condominiums, and duplexes were not sampled. 
Households that participated in the neighborhood container survey during Summer 2016 were 
also excluded from this portion of the study, due to exposure to information on mosquito biology 
and control resulting from previous research. One consenting adult (>18 years-old) completed a 
knowledge, attitudes, and practices (KAP) questionnaire on behalf of each household. KAP 
questionnaires were designed to collect demographic information, knowledge of mosquito 
ecology and locally-transmitted mosquito-borne diseases, attitudes about mosquito control, and 
self-reported control practices. Demographic information collected included age, gender, 
education level, number of residents per household, and household ownership status (rented or 
owned). Knowledge of mosquito ecology and disease risk was assessed by asking for location of 
mosquito larval habitats and which mosquito-borne diseases are prevalent in the study area. 
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Attitudes were measured by asking questions about the frequency of mosquito bites, the 
perceived importance of mosquito-borne diseases in the study area, and responsibility for 
controlling the mosquitoes in residential neighborhoods and within individual residents’ yards. 
Practices were measured by asking about preventative measures used to reduce mosquito bites 
and self-reported mosquito-control practices for both adult and juvenile mosquitoes. An IRB 




Analyses of the relationships between household demographics, knowledge, attitudes, 
and practices of respondents were first conducted by compiling a Kendall-Tau correlation matrix 
to identify significant correlations among factors. Odds ratios were computed for significant 
relationships based on the Kendall-Tau correlation matrix to determine the magnitude of the 
differences, especially those driven by biological or social variables. Statistical analyses were 
conducted using packages “corrplot,” “psych,” and “epitools” in RStudio (Wei et al., 2017; 
Revelle, 2018; Aragon et al., 2017). 
 
RESULTS 
Neighborhood Container Survey 
A total of 8,042 mosquito juveniles belonging to 6 species from 6 species were collected 
in six of the nine neighborhoods across all ten sampling events; mosquito juveniles were never 
detected in three of the nine neighborhoods. Of the collected mosquitoes, Ae. albopictus was the 
most abundant species (55.2%), followed by Cx. restuans (23.5%) and Cx. pipiens (13.9%). 
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Three additional species were collected in low numbers: Ae. japonicus (5.4%), Orthopodomyia 
signifera (1.3%), and Ae. triseriatus (0.7%). Various species were collected during each 
sampling event, but Ae. albopictus was the only mosquito species to be collected during all ten 
sampling events (Figure 2.1).  
The house index (HI) and Breteau (BI) varied for both SES and canopy cover. Low SES 
neighborhoods had the highest HI and the greatest BI while medium SES neighborhoods had the 
lowest HI and BI (Table 2.1). High canopy cover neighborhoods also had the highest HI and the 
greatest BI while low canopy cover had the lowest HI and BI (Table 2.1). Mosquito juveniles 
were collected from a variety of container types. Properties in medium and high SES 
neighborhoods had significantly more containers per yard compared to low SES neighborhoods 
(Figure 2.2). However, low SES properties had the greatest container diversity with all seven 
container types found (Figure 2.2). There was a range of mosquito abundance within the 
different container types with large containers (i.e. garbage cans and rain barrels) having the 
greatest abundance and treeholes having the lowest abundance of mosquito juveniles (Figure 
2.3). Containers found in low SES neighborhoods were significantly more likely to be colonized 
multiple times over the ten weeks of surveillance compared to containers found in medium and 
high SES neighborhoods (z = 2.95, p = 0.003). 
Medium SES neighborhoods were significantly less likely to be colonized (i.e. present for 
mosquitoes) by mosquito juveniles compared to low or high SES neighborhoods (Table 2.2). 
Medium SES neighborhoods had significantly lower abundance for all mosquito species and for 
Cx. restuans, while there were not significant differences between SES levels for Ae. albopictus 
abundance (Table 2.2). High canopy cover neighborhoods were the most likely to be colonized 
by mosquitoes followed by medium canopy cover neighborhoods with low canopy cover 
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neighborhoods having the lowest number of colonization events for all mosquitoes combined, 
and individually for Ae. albopictus, and Cx. restuans (Table 2.2). High canopy cover 
neighborhoods had significantly greater mosquito abundance for all mosquitoes combined and 
for Ae. albopictus, but there were no significant differences in abundance across canopy cover 
levels for Cx. restuans (Table 2.2).   
 
Knowledge, Attitudes, and Practices Questionnaires 
Ten residents from each of the nine neighborhoods completed knowledge, attitudes, and 
practices (KAP) questionnaires for a total of 90 completed questionnaires with most residents 
completing the entirety of the questionnaire, except for 5 residents who declined to specify their 
age (Table 2.3). From the Kendall-Tau correlations, increasing SES (tau = -0.187, p = 0.039) and 
age (18-49 years old versus 50 years old and older, tau = -0.363, p = <0.001) had a negative 
correlation with frequency of mosquito bites (Figure 2.4). Residents over the age of 50 were 
significantly less likely to report being bitten by mosquitoes (Table 2.4). Canopy cover had a 
positive correlation with frequency of mosquito bites (tau = 0.298, p = 0.012, Figure 2.4) with 
residents from high canopy cover neighborhoods reporting a significantly higher bite rate 
compared to low and medium canopy cover neighborhoods (Table 2.4). High SES (tau = 0.198, 
p = 0.047) and age (tau = 0.492, p <0.001) had positive correlations with knowledge of mosquito 
larval habitats (Figure 2.4). Residents from high SES neighborhoods and residents ages 50 and 
over were significantly more likely to know that mosquito larvae develop in standing water 
(Table 2.4). High SES (tau = 0.27, p = 0.006), reported frequency of mosquito bites (tau = 0.357, 
p <0.001), concern about mosquito-borne diseases (tau = 0.234, p = 0.027), and concern for West 
Nile disease, specifically (tau = 0.334, p = 0.002), all had a positive correlation with residents 
23 
 
reporting that they alter their behavior due to mosquitoes (Figure 2.4). Compared to residents in 
low and medium SES neighborhoods, residents from high SES neighborhoods were more likely 
to report that they alter their behavior due to mosquitoes, including being more likely to dump 
water containers or remove them completely from their yards (Table 2.4). Residents who 
reported controlling for larval mosquitoes on their property were more likely to believe that the 
responsibility of mosquito control within the overall neighborhood is that of the residents (tau = 
0.291, p = 0.0028, Figure 2.4, Table 2.4). 
 
DISCUSSION  
Container-breeding mosquitoes in human-dominated landscapes exemplify the challenges to 
understanding the complex, socio-ecological interactions that determine human disease risk. 
However, unraveling how both ecological and social factors couple to drive mosquito occurrence 
and abundance is important in order to implement cost-effective and locally appropriate 
mosquito control measures. Previous research indicates that residents of low SES neighborhoods 
are less likely to have knowledge of mosquito larval habitats and have a greater number of 
containers harboring mosquito juveniles on their properties (Lockaby et al., 2016; Whiteman et 
al., 2018; Rios et al., 2006). The low SES neighborhoods we examined also had the greatest 
abundance of mosquito juveniles, and results from our KAP questionnaires show that residents in 
low SES neighborhoods reported higher bite rates and were less likely to know that mosquito 
juveniles develop in standing water compared to residents living in medium and high SES 
neighborhoods. These results suggest that targeting low SES neighborhoods for mosquito control 




The number of containers found in an area typically is considered to be positively related 
to mosquito production (Bartlett-Healy et al., 2011; Dowling et al., 2013a), but properties are 
typically surveyed once during a season for mosquito juveniles (Tuiten et al., 2009; Dowling et 
al., 2013a; Becker et al., 2014) due to the time consuming and labor-intensive nature of the 
endeavor. In this study, the same residential properties were examined ten times over the course 
of the summer mosquito season, which allows for a more dynamic understanding of how 
juvenile mosquito populations change over time in the same container habitat and the same 
location. Medium and high SES neighborhoods had the greatest number of containers present on 
properties, but medium SES neighborhoods had the lowest mosquito production compared to 
low or high SES neighborhoods. Despite the lower overall number of containers, the greatest 
number of containers harboring mosquitoes were found in low SES neighborhoods. In low SES 
neighborhoods, the same containers were more likely to be colonized multiple times during the 
study while containers in medium and high SES neighborhoods were colonized more 
sporadically. These results suggest that the number of containers in an area at a given time may 
not be the best indicator of mosquito production because certain containers may produce 
mosquitoes throughout the duration of the mosquito season while another container may only 
produce mosquitoes for a short time. Previous research indicates that residents that self-report 
source reduction practices are less likely to have containers harboring mosquito juveniles on 
their properties (Dowling et al., 2013a; Koenraadt et al., 2006). Here, residents in medium and 
high SES neighborhoods were more likely to self-report source reduction practices compared to 
residents in low SES neighborhoods. This may explain why there were fewer mosquito-positive 
containers in medium and high SES neighborhoods even though there were more containers 
observed in these neighborhoods. These results demonstrate the need to monitor container 
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habitats for mosquito juveniles in residential neighborhoods of different SES over the course of 
the mosquito season as opposed to a single time point.  
Resident-based source reduction of water-holding containers can be effective at 
regulating mosquito populations in human-dominated landscapes (Dowling et al., 2013a; 
Koenraadt et al., 2006). In our study, 81.1% of residents believed that residents are responsible 
for controlling mosquitoes on their private property, but only 48.9% believed that residents were 
responsible for mosquito control across the entirety of the neighborhoods. Residents that self-
reported controlling for larval or adult mosquitoes on their property were more likely to believe 
that mosquito control for the entirety of the neighborhood is the responsibility of the residents, 
not a public agency, such as a mosquito control district.  Understanding how knowledge about 
mosquito ecology and motivation to control for mosquitoes impacts perceptions about 
responsibility for mosquito control can help aid in effective campaigns focused on resident-based 
source reduction.  
In this study, older residents (50 years of age or older) were more knowledgeable about 
mosquito larval habitats, and were also less likely to report being bitten by mosquitoes. There is 
also a correlation between canopy cover and age with older residents being more likely to live in 
low canopy cover areas where a lower abundance of mosquito juveniles was found. This 
difference may be one reason why older residents reported a lower bite rate compared to younger 
residents. Similar research conducted in Baltimore, MD, also showed that older residents are 
more likely to be knowledgeable about mosquito ecology and diseases vectored by mosquitoes 
(Dowling et al., 2013). It has been proposed that older residents have greater knowledge of 
mosquito larval ecology because they experienced the chemical era of mosquito control from 
1942 until the banning on DDT in 1972 (Patterson, 2016). Older residents have a greater risk for 
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contracting severe forms of mosquito-borne diseases (Hayes et al., 2005), which may be a reason 
why older residents may be more knowledgeable about and invested in mosquito control. These 
results suggest that educational information about mosquito ecology should be directed towards 
younger residents to educate them on why reduction of water-holding containers on their 
properties is important. The results of these studies can be used to implement better mosquito 
control strategies within neighborhoods of varying SES levels in order to combat mosquito-borne 
diseases transmission that commonly occurs in human-dominated environments (Brown et al., 
2008). 
This study adds to expanding knowledge of the socio-ecological factors that affect 
mosquito populations and associated disease risk. Our findings highlight connections between 
biotic features of the environment, socioeconomic status, and demographics (specifically age), 
for mosquito-related knowledge, frequency of exposure to mosquito bites, and motivation for 
mosquito control. In particular, low SES neighborhoods had the most containers positive for 
mosquito juveniles, had the greatest abundance of mosquitoes, and yet residents were the least 
knowledgeable about mosquito larval ecology and responsibility for control. These results show 
that a combination of ecological and social factors must be taken into account to implement 
effective mosquito control practices within residential neighborhoods, particularly for container-
breeding mosquito species that are vectors of a multitude of important human pathogens.  
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FIGURES AND TABLES 
 
Figure 2.1. Species composition of mosquito juveniles (stacked bars) across all container types 














Figure 2.2. Container frequency per yard for each level of socioeconomic status (SES). Error 
bars denote 1 SD around the total mean numbers of containers across all yards by SES. Medium 
containers include flower pots, bowls, buckets, and watering cans. Large containers include 
garbage cans and rain barrels. Shallow containers include flower pot saucers, tarpaulins and 












Figure 2.3. Number of mosquito juveniles collected across container types: medium-sized 
containers (flower pots, bowls, buckets, and watering cans), large containers (garbage cans and 
rain barrels), shallow containers (flower pot saucers, tarps and discarded bags, lids of 













Figure 2.4. Correlation matrix showing associations between covariates from KAP 
questionnaires. Colored squares represent a significant correlation with blue squares representing 






Table 2.1. House index (HI) and Breteau index (BI) for socioeconomic status and tree canopy 
cover averaged over the ten sampling events and nine residential neighborhoods. 
 
  
HI (%) BI 
SES 
Low 18.14 0.259 
Medium 3.33 0.037 
High 13.08 0.235 
Canopy Cover 
Low 4.33 0.050 
Medium 12.07 0.190 



































Table 2.2. Summary of factors significantly affecting presence/absence and abundance counts 
for overall mosquitoes, Aedes albopictus, and Culex restuans, comparing socioeconomic status 
(SES), canopy cover, site, and week collected based on results of Hurdle models. For SES and 
canopy cover, positive signs represent a significantly greater result while negative signs 
represent a significantly lower result when compared to either low SES or low canopy cover. 
Two positive signs represent a significantly greater result than the single positive sign. 
 
 Presence/Absence Model Abundance Model 
All Mosquitoes Medium SES (-, p<0.001) 
Medium Canopy Cover (+, p<0.001) 
High Canopy Cover (+ +, p<0.001) 
Property (p = 0.009) 
Collection Date (p<0.001) 
SES Medium (-, p<0.001) 
 
High Canopy Cover (+, p=0.034) 
Property (p<0.001) 
House*Collection Date (p=0.021) 
Aedes albopictus Medium SES (-, p<0.001) 
Medium Canopy Cover (+, p<0.001) 
High Canopy Cover (+ +, p<0.001) 
Property (p=0.003) 
Collection Date (p<0.001) 
 
 
High Canopy Cover (+, p=0.003) 
 
Collection Date (p<0.001) 
Culex restuans Medium SES (-, p<0.001) 
Medium Canopy Cover (+, p=0.001) 
High Canopy Cover (+ +, p<0.001) 
Property (p=0.004) 
Collection Date (p=0.010) 















Table 2.3. Summary statistics for responses by socioeconomic status (SES) to questions about 
knowledge, attitudes, and control practices towards mosquitoes. 
   
Number of residents (%) 
Characteristics Low SES Medium SES High SES Total 
Total Interviewees 30 (100)  30 (100) 30 (100) 90 (100) 
How concerned about disease? 
Not very concerned 16 (53.3) 18 (60.0) 18 (60.0) 52 (57.8) 
Moderately concerned 8 (26.7) 7 (23.3) 10 (33.3) 25 (27.8) 
Very to extremely concerned 6 (20.0) 5 (16.7) 2 (6.7) 13 (14.4) 
Alter behavior due to mosquitoes 
Yes 15 (50.0) 19 (63.3) 23 (76.7) 57 (63.3) 
No 15 (50.0) 11 (36.7) 7 (23.3) 33 (36.7) 
Correct knowledge of larval habitat 
Yes 19 (63.3) 22 (73.3) 23 (76.7) 64 (71.1) 
No 11 (36.7) 8 (26.7) 7 (23.3) 26 (28.9) 
Responsibility for neighborhood control 
Residents 11 (36.7) 17 (56.7) 16 (53.3) 44(48.9) 
Public agency 11 (36.7) 7 (23.3) 5 (16.7) 23 (25.6) 
Shared between residents and 
public agencies 
4 (13.3) 4 (13.3) 6 (20.0) 14 (15.6) 
No one or do not know 4 (13.3) 2 (6.7) 3 (10.0) 9 (10.0) 
Responsibility for private property control 
Residents 24 (80.0) 27 (90.0) 22 (73.3) 73 (81.1) 
Public agency  2 (6.7) 1 (3.3) 4 (13.3) 7 (7.8) 
Shared between residents and 
public agencies 
0 (0.0) 1 (3.3) 1 (3.3) 2 (2.2) 
No one or do not know 4 (13.3) 1 (3.3) 3 (10.0) 8 (8.9) 
Larval Control Methods Practiced 
Dump containers holding 
water 4 (13.3) 3 (10.0) 5 (16.7) 12 (13.3) 
Remove containers from yard 0 (0.0) 0 (0.0) 1 (3.3) 1 (1.1) 
Both dump and remove 
containers 10 (33.3) 13 (43.3) 16 (53.3) 39 (43.3) 










Table 2.4. Odd ratios of factors associated with knowledge of mosquito ecology, attitudes about 
mosquito bites and control, and self-reported practices to avoid and control mosquitoes. 
 
Knowledge, Attitude, or 
Practice 
Predictor OR (95% CI) 
Knowledge of larval habitat High SES 3.61 (1.04, 15.20)* 
Age 16.86 (4.38, 122.26)*** 
Mosquito bite rate High canopy cover 6.57 (1.25, 56.83)* 
Age 0.23 (0.04, 0.99)* 
Alter behavior due to 
mosquitoes 
High SES 4.78 (1.50, 17.70)** 
Bitten by mosquitoes a few times 
per month 
4.07 (1.10, 16.83)* 
Bitten by mosquitoes a few times 
per week or more often 
8.62 (2.63, 31.77)*** 
Concerned about mosquito-borne 
diseases 
2.93 (1.12, 8.48)* 
Concerned about West Nile disease 4.42 (1.71, 12.40)** 
Control for larval mosquitoes Control for adult mosquitoes 3.36 (1.40, 8.36)** 
Knowledge of larval habitat 7.22 (2.66, 21.76)*** 
Concerned about West Nile disease 4.82 (2.00, 12.51)*** 
Dump or remove containers 
from yard 
High SES 3.05 (1.05, 9.53)* 
Residents responsible for 
neighborhood mosquito 
control 
Control for larval mosquitoes 2.81 (1.15, 7.05)* 
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CHAPTER 3: CONTAINER SIZE AFFECTS MOSQUITO OVIPOSITION CHOICE 
 
ABSTRACT 
Larvae of container-breeding mosquitoes develop in a wide range of natural and artificial 
container habitats found in residential neighborhoods. Different mosquito species may exhibit 
preference for different container types and sizes, and due to the phenology of different mosquito 
species, the species composition in container habitats may change over time. We first conducted 
weekly neighborhood container surveys for 10 weeks to determine the types of container habitats 
found in residential neighborhoods, and to determine mosquito species composition over time 
within these habitats. We then conducted an oviposition choice experimental field assay to 
determine if female mosquitoes of different species preferentially oviposit in three different sized 
containers representing commonly found containers in residential neighborhoods. Halfway 
through the experiment, the largest container was removed at half the sites to determine the 
influence on oviposition preference among the remaining containers. In the neighborhood 
surveys mosquito larvae and pupae were collected from a wide range of container types. Large 
containers had the greatest number of mosquitos collected and the highest species richness. 
Aedes albopictus was the most commonly collected mosquito, and was found in all container 
types. The oviposition experiment indicated that Culex females preferred to oviposit in the large 
containers, and when these were removed the total number of egg rafts decreased. Aedes females 
preferred to lay eggs in large- and medium-sized containers, but total number of eggs laid did not 
change when the large container was removed. The results of these studies confirm that 
understanding habitat preferences of container-breeding mosquitoes is important to control 
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efforts targeting vector species and that incomplete removal of container habitats may have 
unpredictable consequences for the distribution of juveniles among remaining habitats. 
 
INTRODUCTION 
Females of container-breeding mosquito species oviposit in a variety of natural and 
artificial container habitats that range in size and nutrient availability (Schneider et al., 2004; 
Marciel-de-Freitas et al., 2007). Within urban and suburban areas, female mosquitoes tend to 
oviposit in artificial, man-made containers that vary by size ranging from flower pot saucers and 
small bottles to rain barrels and boat hulls (Morrison et al., 2004; Maciel-de-Freitas et al., 2007; 
Delatte et al., 2008; Bartlett-Healy et al., 2012; Jansen and Beebe, 2010; Maciel-de-Freitas and 
Lourenço de Oliveira, 2011). Oviposition choice by female mosquitoes is critical for the survival 
of the resulting larvae with larger containers potentially reducing the impact of density-
dependent competition (Juliano, 2009; Grill and Juliano, 1996; Griswold and Lounibos, 2006; 
Kesavaraju et al., 2008). Yet the impact of the size of the larval container habitat on female 
oviposition choice across an entire temperate mosquito season has received little investigation. 
Understanding if females of different mosquito species preferentially oviposit in specific 
container habitats can aid understanding of the underlying mechanisms that result in mosquito 
species distributions across human-dominated landscapes.  
Different mosquito species have evolved different oviposition strategies, and rely on 
visual, olfactory, and tactile cues in the environment (Bentley & Day, 1989). Culex mosquitoes, 
which are the main vectors of West Nile virus in North America (Hayes et al., 2005: Hamer et 
al., 2009), lay up to 300 eggs in one egg raft on the surface of standing water (Madder et al., 
1983), and can only lay one egg raft per gonotrophic cycle (Vinogradova, 2000). Aedes spp., 
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some of which are vectors of Zika, dengue, and chikungunya viruses, lay eggs individually on 
the side of the container habitat. These eggs are desiccation resistant, and do not hatch until the 
water level of the container rises to submerge the egg (Hawley, 1988; Sota & Mogi, 1992). 
Different oviposition strategies may cause females to exhibit preferences for certain larval 
habitats. For example, Reiskind & Wilson (2004) found that female Culex restuans preferentially 
oviposit in nutrient-rich containers and containers with lower densities of conspecific larvae, 
while Yap et al. (1995) found that Aedes albopictus preferentially oviposit in containers 
harboring cues of conspecifics. These differences in oviposition choice are important factors to 
consider when expending limited resources for mosquito control. 
In temperate regions of North America, abundance of many mosquito species varies 
across the season. Culex restuans abundance is higher earlier in the summer, peaking in June, 
while Cx. pipiens do not become abundant until later in the season, peaking in August (Lee and 
Rowley, 2000; Jackson and Paulson, 2006; Lampman and Novak, 1996). Aedes albopictus 
abundance tends to remain at low levels early in the summer, and increases in prevalence with 
populations peaking in late July into August (Richards et al., 2006; Barker et al., 2003). These 
differences in phenology likely influence competitive interactions between species. Reiskind & 
Wilson (2008) found that Cx. restuans tends to be a better competitor compared to Cx. pipiens, 
which may account for the evolution of phenological avoidance between the two species. Aedes 
albopictus has been shown to be a superior competitor in the larval habitat, and tends to be more 
strongly affected by intraspecific competition (Costanzo et al., 2005; Juliano 2010), but food 
quality and container size may alter the outcome of interspecific competition (Parker et al., 2018; 
Juliano, 2010). Culex spp. may preferentially oviposit in large, nutrient-rich containers to reduce 
the effects of intra- and interspecific competition.  
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In this study, we conducted a neighborhood survey to identify the relative frequency and 
abundance of different types of container habitats and to measure the associated diversity and 
abundance of juvenile container-breeding mosquito species. This surveywas conducted over the 
entirety of a mosquito season to allow for a better understanding of the phenology of different 
mosquito species’ juveniles within different container types. Using three of the most commonly 
colonized container types from the neighborhood survey (i.e. garbage cans, flower pots, and 
flower pot saucers), we then experimentally examined the effects of container size on female 
oviposition choice when presented with three differently-sized habitats containing the same 
nutrients and oviposition cues. At the midpoint of the experiment, we removed the largest 
container from half of the sites to determine how oviposition may change for the remaining 
habitats following incomplete source reduction. Based on oviposition strategies in Culex and 
Aedes female mosquitoes, we hypothesized that Culex spp. would preferentially oviposit in large 
containers while Aedes spp. would show more generalist tendencies, ovipositing in containers of 
all sizes, and that the number of Culex egg rafts per site would decrease upon removal of the 
largest habitat while the number of Aedes eggs would remain unchanged following removal.  
 
MATERIALS & METHODS 
Neighborhood Container Survey 
Container surveys were conducted from June 20 to September 2, 2016, on 54 residential 
properties in the cities of Champaign and Urbana, Champaign County, IL (centered at 
40°06'44.7"N, 88°14'36.0"W). Included properties were all single-story, detached homes with 
rain gutters attached to the roof that were not covered by any form of gutter guard. Homeowner 
consent was given for each of the participating properties. Surveys of each property were 
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conducted weekly for ten weeks for a total of 540 juvenile mosquito survey events. During each 
of the ten surveys, container type, presence of water, and juvenile mosquito presence was 
recorded for each container. Containers found in residential yards tended to aggregate around 
certain sizes, and therefore, were placed into six artificial and one natural container 
classifications: medium-sized containers (typically holding 5 to 45 L of water; e.g. flower pots, 
bowls, buckets, watering cans), large containers (typically holding approximately 100 L of 
water; e.g. garbage cans and rain barrels), shallow containers (typically holding 1 L or less of 
water with a large surface area to volume ratio; e.g. flower pot saucers, tarpaulins, discarded 
bags, container lids), rain gutters, corrugated downspout extensions (hereafter “downspouts”), 
tires, and treeholes.  
If mosquito larvae or pupae were detected, sampling was conducted by either dipping or 
pipetting depending on the size of the container (Tun-Lin et al., 1994; Knox et al., 2007). 
Containers were sampled until all mosquitoes were removed or for a maximum of 20 minutes, 
whichever occurred first. Larvae were placed in a separate Whirl-Pak (NASCO, Fort Atkinson, 
WI) containing undiluted ethanol for each container sampled. Pupae were held in a Whirl-Pak 
with water, and were placed in individual vials until eclosion. Collected larvae and emerged 
adults were enumerated to species (Ross & Horsfall, 1965; Andreadis et al., 2005).   
 
Statistical Analysis 
 A generalized linear mixed effects model (GLMER) was used to determine the fixed main 
effects of container type and the random effects of collection site by date on the total number of 
juvenile mosquitoes collected. Treeholes (n=1) and tires (n=4, all at the same property) were 
excluded from these analyses due to lack of replication. Overdispersion was assessed using the 
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‘blmeco’ package function ‘dispersion_glmer’ (Korner-Nievergelt et al. 2018). Overdispersion 
was detected for the model, so a GLMER using a quasiPoisson regression with a log-link was 
run using package “glmmADMB” (Bolker et al., 2016). 
 Due to the large number of zeros in the data set for each species, zero-inflated Poisson 
(ZIP) models were used to determine if significant differences among the three most common 
mosquito species (Ae. albopictus, Cx. restuans, Cx. pipiens) occurred for colonization and 
abundance for mosquito juveniles across different container types (Leshiman et al., 2014; Zuur et 
al., 2009). Here, “colonization” refers to the presence of the mosquito species in the container, 
and “abundance” refers to total numbers of the mosquitoes in each container type. ZIP models 
examined if there were significant effects of container type, site, and collection date on 
colonization and abundance for each species using the package ‘pscl’ (Jackman et al. 2017). 
Least square mean separation tests were used to detect significant pairwise differences between 
levels of each treatment type using the package “emmeans” (Lenth, 2018). All analyses were 
carried out in R (version  3.5.1, R Core Team 2018) using RStudio (RStudio, Inc. Boston, MA 
2016). 
 
Oviposition Choice Assay 
 An experimental study was conducted from June 24 to August 3, 2017 in Champaign, IL, 
to determine if female mosquitoes of different species exhibit preference for certain container 
sizes. Three container types were used (i.e. garbage can, flower pot, flowerpot saucer) to 
represent the most common man-made containers found in residential neighborhoods. Three 
containers (one of each type) were spaced 0.5 m apart at each of eight replicate field sites for 40 
days. All eight sites were located in suburban backyards with homeowner approval. At day 20, 
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the garbage can was removed from half of the field sites (n=4) while it remained at half the field 
sites (n=4) to examine the effect of the removal of the largest container habitat on oviposition 
rates in smaller container sizes. Containers were filled with grass infusion to a predetermined 
water line (garbage can: 100 L, flower pot: 10 L, flower pot saucer: 1 L), and additional infusion 
was added when the infusion receded below the water line. In order to collect Aedes spp. eggs 
that are laid on the side of containers, each container was lined with seed germination paper. The 
papers were replaced daily, and all eggs were counted using a dissecting microscope at 10x 
magnification. Culex spp. egg rafts were collected and counted daily. Approximately 25% of the 
egg papers collected were then hatched, and the resulting larvae were identified to determine 
species composition. From each site, one randomly selected egg raft was hatched every day, and 
the resulting larvae were identified to determine species composition. 
 
Statistical analysis  
 GLMERs were used to analyze the fixed main effects of container size, treatment (three 
container sizes or two container sizes after removal of garbage can at half of sites), and time 
(before or after removal), all possible two-factor interactions of the fixed effects, and the random 
effects of site by day and site on number of eggs laid by genus (i.e. Culex spp. egg rafts or Aedes 
spp. single eggs). The three-way interaction could not be assessed due to the nested design 
created by removing the garbage can from half of the sites. Overdispersion was assessed for each 
model (Korner-Nievergelt et al., 2018). No overdispersion was detected for Culex spp. egg rafts, 
so a GLMER using a Poisson regression was used. Since overdispersion was detected for Aedes 
spp. eggs, a GLMER using a quasiPoisson was used. Least square mean separation tests were 
used to detect significant pairwise differences between levels of each treatment. All analyses 
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Neighborhood container survey 
Out of 54 properties inspected, 22 (40.7%) had at least one container that was positive for 
mosquito juveniles. A total of 476 individual containers (mean = 8.8 containers/property) were 
inspected with a total of 43 (9.0%) being positive at least once over the course of the ten survey 
events. The majority of inspected containers were medium-sized (n = 219/476), followed by rain 
gutters (n=177), shallow containers and downspouts (n=28 for each), large containers (n=19), 
tires (n=4), and one treehole. Containers ranged from being positive once to all ten times 
surveyed with all positive containers combined being positive an average of 3 out of 10 survey 
events.   
Overall, large containers had significantly greater abundance of mosquitoes compared to 
medium containers (p = 0.018) or downspouts (p <0.001; Table 3.1).  Aedes albopictus was 
found in all container types, and increased in abundance later in the study period (Figure 3.1A). 
There was no significant difference in colonization rates (presence/absence) for Ae. albopictus in 
different container types, but there were significant differences in abundance (total number) 
between containers (Table 3.2) with shallow containers having significantly lesser abundance 
than all other container types (p <0.001). Culex restuans was found in all container types except 
for the treehole (Figure 3.1B). Large containers were more likely to be colonized compared to 
other container types (Table 3.2) and had the greatest abundance of Cx. restuans compared to all 
other container types (p<0.001). Culex pipiens was found in all container types except for tires 
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and treeholes (Figure 3.1C). There was no significant difference in colonization across container 
types (Table 3.2). Large containers had significantly greater abundance of Cx. pipiens compared 
to medium containers (p<0.001), shallow containers (p = 0.002), and downspouts (p<0.001), but 
no significant difference in abundance occurred between large containers and gutters. Aedes 
japonicus was found in all container types except downspouts and the treehole (Figure 3.1D), 
while Ae. triseriatus was found in all container types except for shallow containers (Figure 
3.1E). Orthopodomyia signifera was found only in large containers, tires and the treehole (Figure 
3.1F). 
 
Oviposition choice assay 
For Culex spp., the number of egg rafts laid was significantly influenced by the fixed 
effect of container type with garbage cans yielding significantly more egg rafts compared to all 
other containers, and flower pots having significantly more egg rafts compared to saucers (Table 
3.3, Figure 3.2A). The number of egg rafts laid was also significantly influenced by the fixed 
effect of time (i.e., before or after removal of the garbage can, Table 3.3). The total number of 
egg rafts laid before removal of the garbage can was greater compared to after removal of the 
garbage can for both treatments (i.e., garbage can was never removed or garbage can was 
removed, Figure 3.2A). There were significant two-way interactions for container type and time 
(Table 3.3) and for container type and treatment (Table 3.3) on the number of eff rafts laid. For 
flower pots, significantly more egg rafts were laid after the garbage can was removed compared 
to before the garbage can was removed for both treatments while more egg rafts were laid in the 
garbage can before removal compared to after removal at the no-removal sites (Figure 3.2A).  
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Aedes albopictus accounted for a large majority (97.5%) of the larvae that were hatched 
from egg papers. Aedes japonicus and Aedes triseriatus accounted for the remaining larvae. For 
Aedes spp., the number of eggs laid was significantly influenced by the fixed effect of container 
type with saucers yielding the least number of eggs compared to garbage cans and flower pots 
(Table 3.4, Figure 3.2B). There was a significant two-way interaction for container size and 
treatment (Table 3.4). The overall number of eggs laid was not significantly impacted by time 
(i.e., before/after removal; Table 3.4). More eggs were laid in the flower pots after the removal 
of the garbage can compared to before removal for both treatments while more eggs were laid in 




Culex spp. and Aedes spp. juveniles occur in a variety of man-made containers in human-
dominated landscapes, and we found that this variation is due, in part, to oviposition preference 
of adult female mosquitoes. Oviposition choice preference along with phenology drive variation 
in the distribution of mosquito species across container habitats with Culex spp. females 
preferentially ovipositing in large containers while Aedes spp. females tend to be more generalist 
in oviposition preference. Removal of the largest, most productive container habitats changes 
oviposition choice for some female mosquito species. Following the removal of the large 
container, Culex spp. females seem to search elsewhere for a suitable habitat, decreasing the total 
number of egg rafts laid. Whereas Aedes spp. change oviposition preference following the 
removal of the large container and oviposit in smaller containers, such as flower pot saucers, 
showing no significant decrease in the total number of eggs laid between sites with and without 
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large containers. This suggests that for some species removal of the largest water-filled 
containers may shift oviposition to the smaller containers, increasing competition. This increased 
competition can have unintended consequences for the resulting adults, such as increased vector 
competence (Alto et al., 2008; Bevins, 2008). 
The neighborhood container survey revealed the range of container sizes utilized by 
mosquitoes and the diversity and abundance of man-made containers found in the built 
environment. Over 40% of the properties surveyed had at least one container that was positive 
for mosquito juveniles at least once during the mosquito season. Some container types, such as 
clogged rain gutters and downspouts, tended to hold water over the course of the mosquito 
season, allowing for mosquito production to continue throughout the summer. While large 
container habitats may produce a large number of adult mosquitoes at one time, smaller habitats 
may allow for mosquito populations to remain in residential neighborhoods even after the 
removal of the most productive container types. In this study, sampling container habitats at the 
same field sites multiple times over the mosquito season allowed for a better understanding of 
how species composition and abundance changed over time, which can inform the timing and 
intensity of mosquito control efforts depending on target species. 
The results of the oviposition choice assay provides evidence that the size of the 
container can mediate oviposition choice and resulting species distribution for both Culex and 
Aedes mosquitoes. Overall, the greatest number of Culex egg rafts and Aedes eggs were laid in 
the largest container, and the largest containers had the greatest species richness for mosquito 
juveniles. Culex females preferentially oviposit in nutrient-rich habitats (Reiskind & Wilson, 
2004) suggesting that Culex females may use container size as a proxy for nutrient levels with 
larger containers typically being more nutrient-rich compared to smaller containers (Reskind et 
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al., 2004). Thus, ovipositing in large containers may help to reduce the effects of competition 
with other mosquito larvae for nutrients. Aedes albopictus typically has a competitive advantage 
over other container-breeding mosquitoes in the aquatic habitats (Marini et al., 2017; Armistead 
et al., 2009), but that competitive advantage can be negated when additional nutrients are added 
to the aquatic habitat gradually overtime (Bevins, 2007; Müller et al., 2018). This result suggests 
that Culex females may prefer larger containers to reduce the stress of competition for their 
offspring, while Aedes albopictus may be more generalist due to competitive superiority in the 
aquatic container habitat. 
Understanding how container size may affect the distribution and abundance of mosquito 
species that vector diseases is not only of fundamental ecological interest, but also may have 
implications for human health. Under some circumstances, eliminating the most productive 
larval container habitats can reduce the density of adult mosquitoes (Maciel-de-Freitas and 
Lourenço-de-Oliveira, 2011), thereby reducing human-vector contact. Implementation of 
proactive vector control measures, such as removal of the most productive larval habitats, not 
only reduces the density of adult mosquitoes, but also can reduce the occurrence of human cases 
of mosquito-borne diseases (Eisen et al., 2009). Conversely, increased competition in remaining 
habitats may alter important mosquito life history traits that govern pathogen transmission. 
Future studies will examine how changing various parameters of container size and shape (e.g. 
manipulating the surface area while holding volume constant) affect oviposition preference by 
female mosquitoes, and how competition of the resulting larvae within the container habitats 
affects species composition and adult fitness. Studies such as these will help define the 
mechanistic relationship between container shape and size on the outcome of oviposition choice 
53 
 
and the resulting larval competition, which can allow for more comprehensive mosquito control 
within human-dominated landscapes.  
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FIGURES AND TABLES 
Figure 3.1.  Number of mosquitoes collected in each container type during each of the ten 
collection dates for A) Ae. albopictus, B) Cx. restuans, C) Cx. pipiens, D) Ae. japonicus, E) Ae. 




Figure 3.2.  Number of A) Culex spp. egg rafts and B) Aedes spp. single eggs laid per container 
type. Solid bars represent sites where the garbage can remained for the entirety of the assay 
while stripped bars represent sites where the garbage can was removed halfway through the 
assay. Blue bars represent before garbage can removal, and orange bars represent after removal. 















Table 3.1. Poisson regression model constructed for abundance count for overall mosquitoes in 
five container types surveyed (medium, shallow, large, gutters, and downspout extensions). 
 
 Estimate Standard Error P-value 
Intercept 3.183 0.199  < 0.001 
Shallow 0.230      0.337    0.494     
Large 1.211      0.394    0.002 
Gutter 0.223     0.365    0.541     





































Table 3.2. Zero-inflated Poisson regression model constructed for Ae. albopictus, Cx. restuans, 
and Cx. pipiens, presence/absence and abundance counts comparing container types (medium, 
shallow, large, gutters, and downspout extensions).  
Covariate Estimate Standard Error P-value 
Ae. albopictus presence/absence model 
Intercept   2.550    0.959  0.008  
Shallow  1.156    0.964   0.231     
Large  1.625  1.178   0.168     
Gutter  0.780     1.011   0.440     
Downspout  0.776      1.072   0.470     
Ae. albopictus abundance model 
Intercept  2.880    0.069  < 0.001 
Shallow -0.452    0.048   < 0.001 
Large  0.083    0.047    0.075   
Gutter -0.054    0.048    0.257     
Downspout -0.191    0.042    < 0.001 
    
Cx. restuans presence/absence model 
Intercept -4.016     1.01 <0.001 
Shallow 0.510      0.878    0.561     
Large -4.307      1.092   <0.001 
Gutter -1.282      1.000    0.200     
Downspout 1.610      1.246    0.196     
Cx. restuans abundance model 
Intercept 6.108 0.090  <0.001 
Shallow 0.956    0.074   <0.001 
Large 1.422    0.078   <0.001 
Gutter -0.806    0.091   <0.001 
Downspout -1.600    0.658   0.015   
    
Cx. pipiens presence/absence model 
Intercept -2.746     6.198 0.658   
Shallow 3.271      6.261   0.601   
Large 0.669      6.255    0.915   
Gutter 2.217     6.2264    0.722   
Downspout 3.692     6.366   0.569   
Cx. pipiens abundance model 
Intercept  -2.200  1.720 0.201  
Shallow 7.537     1.712    <0.001 
Large 8.042     1.714    <0.001 
Gutter 8.880    1.720    <0.001 
Downspout 6.473    2.328    0.005 
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Table 3.3. Analysis of Deviance based on a Poisson regression for the effect of container type, 
treatment type (three container types or two container types after removal), and time (before or 
after removal) for number of egg rafts laid by Culex females. 
 






(Intercept) 1  2.431 0.119 
Container 2 1011.585 < 0.001 
Treatment 1 2.681   0.102  
Time 1 3.982   0.046 
Container * Treatment 2 22.727  < 0.001     
Container * Time 2 51.343   < 0.001 































Table 3.4. Analysis of Deviance based on a quasi-Poisson regression for the effect of container 
type, treatment type (two or three containers after removal), and time (before or after removal) for 
























(Intercept) 1 242.421 < 0.001 
Container 3 125.743   < 0.001 
Treatment 1 0.131 0.717  
Time 1 2.968   0.083  
Container * Treatment 3 14.884   < 0.001     
Container * Time 3 4.854   0.088 
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CHAPTER 4:  DO GUTTER GUARDS AFFECT MOSQUITO PRODUCTION IN ROOF 
GUTTER HABITATS? 1 
 
ABSTRACT 
Roof gutters on houses that have become inundated with leaf litter and cannot drain properly are 
an often-overlooked man-made container habitat that is suitable for mosquito larval 
development. In order to reduce the amount of leaf litter debris in gutters, many homeowners 
install debris screens, commonly referred to as “gutter guards”, on their roof gutters, but no study 
has examined the effect of gutter guards on mosquito production. The objective of this research 
was to determine the extent to which different types of gutter guards affect mosquito 
colonization and abundance of juvenile mosquitoes in gutter habitats. Three experimental 
gutters, each with one of three treatments (control with no gutter guard, a metal lock-in mesh 
screen gutter guard, or a foam filter gutter insert), were placed at five field locations to monitor 
mosquito colonization and production over 8 weeks. Pupae were collected daily, and eclosed 
adults were identified to species. Mosquitoes colonized, and larvae developed, in all gutters 
regardless of the presence of a guard, although those with the foam filter guards were least likely 
to be colonized (P <0.001). Once colonized, the control gutters without a gutter guard had the 
lowest mosquito abundance (P <0.001), and the metal lock-in gutters had the highest abundance 
(P <0.001). The results suggest that if standing water exists in a gutter, gutter guards are not an 
effective tool for mosquito control. 
 
  
1 This chapter appears in its entirety in The Journal of the American Mosquito Control Association. Section headings 
have been added for this thesis. Parker, A.T. & Allan, B.F. (2019) Do gutter guards affect mosquito production in 




 Surveillance and control of container-breeding mosquitoes within residential 
neighborhoods is challenging due to the high density and diversity of man-made containers 
found in residents’ yards. One of the most cryptic container habitats occurring in residential 
neighborhoods are roof gutters. Due to the difficulty in reaching roof gutters on residential 
homes, these potential container habitats often are not inspected for mosquito juveniles during 
surveillance activities (Williams et al., 2007). Roof gutters that have become inundated with 
debris often do not drain properly, creating very productive larval habitats that can remain 
waterlogged long after an initial rain event (Gustave et al., 2012; Montgomery & Ritchie, 2002; 
Tinker, 1974). While roof gutters may only make up a small proportion of man-made container 
habitats, once colonized they can produce large numbers of adults (Gustave et al., 2012; 
Montgomery & Ritchie, 2002; Pilger et al., 2011). For instance, in a survey of residential yards 
in Australia, Montgomery & Ritchie (2002) found that less than 15% of gutters were positive for 
pupae, but these accounted for almost 50% of the total mosquito pupae collected. Even in areas 
where mosquito control is implemented, roof gutters typically do not receive abatement, making 
them a refuge in an otherwise hostile environment (Tinker, 1974; Williams et al., 2007). 
Including roof gutters in management practices could enhance the efficacy of controlling 
container-breeding mosquitoes within residential neighborhoods. 
To reduce the amount of debris entering the gutter, many residents install debris screens 
(hereafter ‘gutter guards’; Abbott et al., 2007). While there are many different types of gutter 
guards commercially available, one commonly used is a metal lock-in gutter guard that attaches 
to the roof and outer edge of the gutter creating a mesh screen that allows rainwater to enter the 
gutter while excluding large debris (Figure 4.1a). Another commonly used gutter guard is a foam 
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filter insert, which is inserted directly into the gutter covering the entire opening with a porous 
foam while leaving an area underneath the foam for water to drain. The purpose of this study was 
to determine whether either of these commonly used gutter guards affect colonization and 
subsequent larval development of mosquitoes. Considering the ubiquity of gutter habitats in 
residential landscapes, the potential for gutter guards to alter the importance of these habitats is 
considerable, yet has not been evaluated experimentally. 
 
MATERIALS & METHODS 
 This study was conducted from June 6 to August 3, 2018 in Urbana, IL. An artificial gutter 
system was used to determine if female mosquitoes were able to oviposit and larvae develop to 
adulthood within gutters covered with two different gutter guard strategies relative to an 
uncovered control. Each artificial gutter was 2.5 m long, stood 1.25 m from the ground, and was 
capped on both ends to hold water. Three treatments were used: a control with no gutter guard, a 
foam filter gutter guard insert (TMJ Innovations LLC, Milwaukee, WI), and a metal lock-in 
mesh gutter guard (Amerimax, Norcross, GA). Three gutters (one of each treatment) were spaced 
1 m apart at each study location with five replicate blocks for a total of 15 gutters. Two blocks 
were located within Southern Arboretum Woodlands in Urbana, IL (40.05063° N, 88.12592° W), 
and three blocks were located within Trelease Woods in Urbana, IL (40.130437° N, 88.143031° 
W). Both sites are wooded within a mixed-use residential and agricultural landscape. Each block 
was placed a minimum of 100 m apart. Each gutter was filled initially with 2.0 liters of grass 
infusion. Additional infusion was added to the gutters when the water level was below a 1.5 liter 
threshold. The gutters were checked and pupae removed daily. Pupae were placed in individual 




Across all treatments, a total of 2,302 adults belonging to 5 species from 3 genera 
emerged from the experimental gutters. Of the collected mosquitoes, Aedes albopictus (Skuse) 
was the predominate species collected (64.4 %) followed by Ae. triseriatus (Say) (33.2%). Three 
additional species were collected in low numbers: Ae. japonicus (Theobald) (2.1%), Culex 
pipiens Linnaeus (<0.01%), and Anopheles quadrimaculatus Say (<0.001%).  
 Our goal was to determine if significant differences in mosquito colonization and 
abundance occurred across the three treatments. Here, “colonization” refers to presence or 
absence of mosquitoes from a gutter treatment, while “abundance” refers to overall numbers of 
mosquitoes. Due to a large number of zeros in the data set, we conducted a zero-inflated Poisson 
(ZIP) model (Leisnham et al. 2014, Zuur et al. 2009) for overall mosquito colonization and 
abundance and another for Ae. albopictus colonization and abundance to test whether gutter 
guard treatment, collection site, and week were significant effects in the models (α= 0.05). We 
also conducted a Poison regression model for overall mosquito and Ae. albopictus count data, 
and then ran a Vuong test to determine if the ZIP model offered a significant improvement over 
the standard Poisson regression model. Both for overall mosquito and for Ae. albopictus data, the 
ZIP model was a significant improvement at α=0.05 (P<0.001) over the Poison regression model. 
All analyses were carried out using package ‘pscl’ in RStudio (RStudio, Inc. Boston, MA, 2016; 
Jackman et al., 2017; Zeileis et al., 2008). 
 Results from the ZIP model show foam-covered gutters were significantly less likely to be 
colonized by mosquitoes compared to the metal lock-in covered and control gutters (P <0.001, 
Table 4.1, Figure 4.1b). Once colonized, metal lock-in covered gutters had the greatest 
abundance of mosquitoes (57.8%, Table 4.1, Figure 4.1b), followed by foam-covered gutters 
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(30.1%, P <0.001, Table 4.1, Figure 4.1b), and control gutters with no guards had the lowest 
numbers of collected mosquitoes (12.6%, P <0.001, Table 4.1, Figure 4.1b). For Ae. albopictus, 
all treatment types were equally likely to be colonized (Table 4.1), but if colonized, foam filter 
gutters had the highest abundance of Ae. albopictus (P <0.001, Table 4.1, Figure 4.1c), followed 
by metal lock-in gutters (P <0.001, Table 4.1, Figure 4.1c), and control gutters without a gutter 
guard had the lowest abundances (Table 4.1, Figure 4.1c). There were significant effects for both 
site and week for all models. 
 
DISCUSSION 
 This is the first experimental evaluation of the effect of gutter guards on the colonization 
by and abundance of mosquitoes in roof gutter habitats. The results of this study show that metal 
lock-in mesh gutter guards and foam filter gutter inserts do not prevent oviposition and 
subsequent larval development of mosquitoes in a roof gutter container habitat. In fact, metal 
lock-in gutter guards increase mosquito production compared to gutters without any gutter guard. 
While difficult to initially colonize, gutters with a foam filter insert provide a highly suitable 
habitat for larval development, especially for Ae. albopictus. Under conditions typical of 
residential environments, gutters with foam filter inserts may be more readily colonized by 
mosquitoes due to a greater number of access points than the experimental apparatus provided. 
Although not tested in this study, gutter guards may prevent gutters from becoming clogged by 
prohibiting debris from entering the gutter. This could potentially reduce the availability of 
mosquito habitats, though once clogged, the presence of gutter guards may make the gutter a 
more suitable habitat for larval development by reducing evaporation and keeping the water 
shaded allowing for a more stable water temperature compared to the open gutter. Based on our 
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results, we do not find evidence that gutter guards should be considered an appropriate strategy 
for preventing mosquitoes in roof gutters, and may inhibit the application of effective control 
agents from entering the gutter. We recommend regular inspection and cleaning of roof gutters 
by homeowners even if a gutter guard system in place. We also recommend regular monitoring 
and treatment of roof gutters in residential neighborhoods in order to control mosquito 
production from these important, but often over-looked, container habitats. 
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FIGURE AND TABLE 
Figure 4.1. Number of mosquitoes collected from experimental gutters (A) without a gutter 
guard, foam filter insert gutter guard, and metal lock-in mesh gutter guard for (B) all mosquito 








Table 4.1. Zero-inflated Poisson regression model constructed for overall mosquito and Ae. 
albopictus presence/absence and abundance counts comparing gutters without a gutter guard, 
foam filter insert gutter guard, and metal lock-in mesh gutter guard.  
Covariate Estimate Standard Error P-value 
Overall mosquito presence/absence model 
Intercept 1.42981 0.14450 <0.001 
Foam Filter 1.29971 0.07711 <0.001 
Metal Lock-In 1.48594 0.06630 <0.001 
    
Overall mosquito abundance model 
Intercept 1.36286 0.96915 0.159 
Foam Filter 2.58027 0.66216 <0.001 
Metal Lock-In 0.01669 0.63269 0.979 
    
Ae. albopictus presence/absence model   
Intercept 1.02478 0.20255 <0.001 
Foam Filter 1.67391  0.11348 <0.001 
Metal Lock-In 1.75864 0.11299 <0.001 
    
Ae. albopictus abundance model  
Intercept -0.2051 0.4476 0.647 
Foam Filter 0.4899 0.5811 0.399 
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